Background: This study assessed the impact of caffeine consumption and recovery on reproductive functions and fertility of Wistar rats. Methods: Thirty-five adult male Wistar rats were divided into seven groups of five rats each. Group A (control) received distilled water (vehicle), while groups B, C, and D were treated orally with 10 mg/kg body weight (BW), 20 mg/kg BW, and 40 mg/kg BW caffeine, respectively, for 30 days. Groups E, F, and G were treated orally with 10 mg/ kg BW, 20 mg/kg BW, and 40 mg/kg BW caffeine, respectively, for 30 days and then allowed to recover for another 30 days. Results: Caffeine caused a decrease in body weight, while recovery groups showed appreciable increase in body weight during recovery. Relative weight of seminal vesicle, prostate, and epididymis decreased dose dependently during treatment but increased during recovery. The liver and kidney weight increased during treatment but reduced during recovery. Sperm count was significantly decreased in both treated and recovery groups. Initial decrease in sperm viability and volume was appreciably reversed during recovery period. Serum level of testosterone increased at high doses, while serum luteinizing hormone (LH) and follicle-stimulating hormone (FSH) showed significant decrease. Histological sections of testis in treated groups showed mild congestion of the interstitial blood vessel and subcapsular congestion. However, there was no subcapsular congestion in the recovery groups. All rats in both treated and recovery groups had 100% fertilization success from fertility study.
Introduction
Exposure of humans to disruptive chemicals has been reported to correlate with reproductive health problems like decreased fertility, menstrual disorders, impaired spermatogenesis, cryptorchidism, hypospadias, pregnancy loss, low birth weight, structural, and functional birth defects and postnatal developmental defects [1] . Disorders of male reproductive functions usually produce infertility, which may be permanent or temporary depending on the dose levels, duration of exposure, and nature of the toxicants. Giwa-Osagie [2] reported that in adult couples in African countries, 10%-25% are sub-fertile, and male-factor infertility accounts for 30%-40% of these cases. Caffeine has been the subject of great interest among health professionals and researchers, as it is one of the most frequently ingested pharmacologically active substances in the world. It is found in common beverages (coffee, tea, soft drinks), chocolate, medications, and over-the-counter stimulants [3, 4] . Caffeine was reported to influence intellectual performance, increase vigilance, decrease psychomotor reaction time, and increase sleep latency and waking time [5] . Moreover, caffeine has been reported to enhance metabolic activity, smooth muscles relaxation, gastric acid secretion, and release of catecholamines [6] . The precise amount of caffeine necessary to produce effects varies from person to person, depending on body size and degree of tolerance to caffeine. Caffeine intake has also been associated with increased risk of spontaneous abortions [3, 7] and decreased female fertility with increasing caffeine consumption [8, 9] although these associations remain controversial. Studies on caffeine intake and semen quality have been contradictory [10] [11] [12] [13] [14] . Oldereid et al. [11] and Curtis et al. [15] suggested no associations, while others reported increased sperm motility [10, 14] . Vine et al. [13] also found weak evidence for an association between caffeine intake from coffee, tea, and soft drinks and sperm nuclear morphometry, while Parazzini et al. [12] reported increasing risk of poor semen quality with increasing coffee consumption. A study conducted among 343 unselected young Danish men found no adverse effect of caffeine intake on semen quality but increased testosterone levels with increasing caffeine intake [16] . This was, however, not found in a cohort study on caffeine intake and semen quality in a population of 2554 young Danish men by Jensen et al. [17] .
In animal studies, Ax et al. [18] reported that roosters fed 0.1% caffeine after 14 days showed a significant decrease in fertility with markedly reduced semen output and concentration. Testicular histological investigation also showed interruption of spermatocyte divisions and abnormal spermiogenesis. Removal of dietary caffeine was reported to result in resumption of semen production and fertility. Caffeine administered to rat during pregnancy was reported to impair certain aspects of normal sexual differentiation of the fetal gonads [19] . Daily caffeine administration to mature male rabbits for 4 weeks was also reported to increase plasma follicle-stimulating hormone (FSH) level, decrease luteinizing hormone (LH) level, reduce size of the seminiferous tubules, and also inhibit spermatogenesis and steroidogenesis [20] . Gans [21] reported that testes of rats fed 0.5% caffeine for 7 weeks showed scattered vacuolar degeneration of spermatogenic cells and that long-term intake caused suppression of spermatogenesis through inhibition of FSH. In addition, caffeine toxicity has been associated with decreased sperm parameters in Sprague-Dawley rats [22] and reduction in number of live pups/litter in mice [23] .
From the foregoing and sequel to reported decrease in semen quality during the past 60-70 years [24, 25] and increase in the number of couples seeking infertility treatment [26] , coupled with the attendant abuse of caffeine and caffeine containing supplements [3, 4] , it remains important to identify the possible role of caffeine as an avoidable environmental risk factor for low semen quality. Few works exist on caffeine intake and male reproductive functions but with conflicting results, lack of reproducibility, and also dosage incomparability with human consumption. Furthermore, studies associating caffeine with altered male reproductive functions in rats and human hardly account for recovery phase and fertility outcome. This study investigates effects of caffeine consumption and recovery on reproductive functions and fertility of adult male Wistar rats.
Materials and methods

Caffeine preparation
Caffeine with product number A1043 was purchased from Research Chemicals Ltd., Shore Road, Heysham, Lancs, through their representative, Aesar Johnson Matthew Company, 26 Parkridge Road, Ward Hill, MA, USA. Caffeine preparation was freshly made daily in distilled water for each group of animals and was delivered at 10 mg/ kg, 20 mg/kg, and 40 mg/kg body weight (BW) orally. The dosage used in this study was chosen in relation to human study carried out by Jensen et al. [17] .
Animals
Adult male and female (10 weeks) Wistar rats (180-200 g) were purchased from the central animal house, College of Medicine, University of Ibadan. Prior to commencement of the study, animals were allowed to acclimatize to the laboratory conditions for 2 weeks, housed singly in cages, and fed rats' cubes (Ladokun Feeds Limited Ibadan, Nigeria) and water for the entire duration of the study. A 12-h dark-light period was maintained at 24-25 °C throughout the study period. Ethical approval for the use of animals in this study was certified by the College of Medicine University of Ibadan Animal House Committee.
Experimental protocol and treatment
Fifty-six adult rats (35 males and 21 females) were used for the study. The males (35) were randomly divided into four groups (A, B, C, and D) and three recovery groups (E, F, and G) consisting of five rats each. Group A (control) received distilled water (vehicle) daily for 30 days. Groups B, C, and D were gavaged orally for 30 days with 10 mg/kg, 20 mg/kg, and 40 mg/kg BW of caffeine, respectively. Groups E, F, and G were gavaged with 10 mg/kg, 20 mg/kg, and 40 mg/kg BW of caffeine orally, respectively, for 30 days but were allowed to recover for another 30 days.
Fertility study: Three untreated, fertile proestrus female rats with normal estrus cycle were cohabited with three males selected randomly from all the groups. Cohabitation for groups A, B, C, and D started from day 31, while groups E, F, and G were paired from day 61 after recovery. Pairing for matting was 1:1 for female/male in separate cages. Mating was confirmed by the presence of a sperm-positive vaginal smear. Percentage fertility outcome was calculated using the formula pregnant female Percentage fertility success 100.
[27] mated female = ×
The number of litters delivered and their body weights were also determined.
Blood sample collection: Blood was collected from each animal via the retro-orbital sinus using 70-μL heparinized capillary tubes into non-heparinized bottles. Each sample was allowed to clot and then centrifuged at 3500 rpm for 10 min. Serum was then aspirated and stored at 4 °C.
Body and organ weight determination
Body weight was taken weekly throughout the duration of the study. Animals were subsequently sacrificed by cervical dislocation. The animals were dissected and the testes, epididymis, seminal vesicles, prostate, liver, and kidney collected were cleared of adherent tissues and weighed using an electronic weighing balance (Model HCB 1002, Adams Equipment Co Ltd, USA).
Semen collection and analysis
Semen samples were collected from the cauda epididymis. Two drops of semen were placed on the microscopic slide with two drops of warm 2.9% sodium citrate. It was then covered with a cover slip and examined under the microscope using 40 × objective with reduced light. Sperm motility was then determined in percentages [28] . Epididymal sperm count was determined by mincing pairs of caudal epididymis in distilled water and filtering through a nylon mesh. The spermatozoa were counted with a hemocytometer using the improved Neubauer (Deep 1/10m; LABART, Munich, Germany) chamber as described by Pant and Srivastava [29] . For percentage viability assay, the live-dead staining principle was used. Eosin penetrates and stains the dead sperm cells, whereas viable cells resist this stain. The staining was performed on the sperm smear using 1% eosin and 5% nigrosine in 3% sodium citrate dehydrate solution according to the method described by Wells and Ewa [30] for the determination of the live to dead (L-D) ratio. It was performed immediately to avoid negative results. Morphological abnormalities were determined using a portion of the sperm suspension placed on a glass slide and smeared out with another slide and stained with Wells and Awa's stain (0.2 g eosin and 0.6 g fast green dissolved in distilled water and ethanol in a 2:1 ratio) for morphological examination.
Histological preparation of the testes and epididymis: Samples from the organs fixed initially with Bouin's solution were transferred to 70% alcohol after 48 h, sectioned, and stained routinely with hematoxylin and eosin for microscopy studies. Slides that had been stained were cleared in xylene before they were mounted on the microscope for histological examination. Photomicrographs of the slides were subsequently taken at 100 × and 400 × magnification. Serum hormone determination: Assays for serum concentration of LH, follicle stimulating hormone, and testosterone were carried out using enzyme-linked immunosorbent assay (ELISA) method. The ELISA kit (Immunometrics UK Ltd, London) was purchased from Inteco Plc through their representative Lifted Hands Ventures, 6 Trendy Close, Old Ife Road, Ibadan, Nigeria.
Statistical analysis
The mean, standard error of mean, and statistical significance were calculated using version 5.0 Graph pad Prism Statistical software (USA). Level of significance was taken at p < 0.05. 
Results
Effect of caffeine on weekly mean body weight
As shown in Figure 1 , there was a decrease in the mean body weight of caffeine-treated male rats from week 1 to week 4, with the decrease being significant (p < 0.05) for the group administered 40 mg/kg BW. However, during the recovery phase (week 5 -week 8), there was an increase in the mean body weight although not significantly.
Effect of caffeine treatment on percentage relative weight of testes, epididymis, prostate, seminal vesicle, kidney, and liver
There was statistically significant decrease (p < 0.05) in relative weight of the testis when the groups treated with 20 mg/kg BW caffeine were compared with control even at recovery. However, there was no statistically significant difference when recovery groups are compared to treated groups. Percentage relative weight of seminal vesicle, prostate, and epididymis decreased dose dependently during treatment but increased during recovery (Table 1 ). There was an increase (p < 0.05) in relative kidney and liver weights in caffeine-treated groups when compared with the control in a dose-dependent manner. Recovery group kidney weights were similar to control; however, recovery liver weight decreased significantly when compared to control ( Table 1) .
Effect of caffeine on semen characteristics in rats
The mean epididymal sperm count of rats administered 10, 20, and 40 mg/kg BW caffeine for 4 weeks was significantly decreased dose dependently when compared with control. Rats in the recovery groups administered 10, 20, and 40 mg/kg BW of caffeine also showed statistically significant decrease in mean epididymal sperm count.
Comparison of treated groups without recovery with their corresponding treated group with recovery showed no significant difference except for the group that received 10 mg/kg BW ( Table 2 ). There was no significant increase in the progressive motility of the sperm in rats treated with caffeine for 4 weeks when compared with the control. Rats in the recovery groups that were administered 40 mg/kg BW, however, showed significant reduction in progressive sperm motility when compared with the control. Comparison of treated group with recovery group showed no significant difference ( Table 2 ). As shown in Table 2 also, the initial decreases in sperm viability and volume were appreciably reversed during recovery period although not significantly. There was no significant difference in the number of abnormal sperm in caffeine-treated and recovery groups when compared with the control (Table 2) . 
Effect of caffeine on fertility success, litter size, and weight
Fertility success in all groups was 100%, as shown in Table 3 . In addition, there was no significant difference in the mean litter size of female rats cohabited with control, caffeine-treated, and the recovery groups. Mean litter weight decreased in pups from female rats cohabited with caffeine-treated rats. However, mean litter weight increased in pups of female rats cohabited with the recovery group (Table 3) . 
Effects of caffeine on serum level of testosterone, LH, and FSH
Serum testosterone increased although not significantly in caffeine-treated and recovery groups at 20 and 40 mg/kg BW (Table 4) . Serum LH level decreased significantly (p < 0.05) in caffeine-treated and recovery groups when compared to control (Table 4 ). There was a significant decrease (p < 0.05) in serum FSH level in caffeine-treated groups at 40 mg/kg BW when compared with the control. Other decreases were, however, not significant. Meanwhile, recovery groups at 10 and 20 mg/kg BW showed increase in serum FSH level when compared to control, although not significantly (Table 4) .
Effect of caffeine on histology of the testis and epididymis
As shown in Figure 2A -G, histological sections of the testes showed normal seminiferous tubule, spermatogonia cells, Sertoli cells, and interstitial cells in caffeine-treated and recovery groups. However, testes of groups administered 10 mg/kg BW and 40 mg/kg BW caffeine showed mild congestion of interstitial blood vessels and severe subcapsular congestion ( Figure 2B , C, and D). There were no visible lesions in all the histological sections of the epididymis ( Figure 3A-G) ; however, caffeine-treated groups at 10 mg/ kg BW showed stratified epithelium ( Figure 3B ), while those administered with 20 mg/kg BW showed moderately enlarged lumen ( Figure 3C ). Recovery group administered 10 mg/kg BW also showed expanded epididymal lumen ( Figure 3E ).
Discussion Effects of caffeine on body and organ weight
Caffeine-treated groups in this study showed a reduction in body weight, which was reversed during the recovery period. Caffeine as a psychomotor stimulant may effect decrease in body weight by suppressing food intake [21] or increasing lipolysis [31] . Inhibition of cyclic nucleotide phosphodiesterase usually potentiates lipolysis by accumulating cyclic AMP in tissues, which may then activate inactive hormone-sensitive lipase to promote lipolysis [32, 33] . The observed decrease in percentage relative organ weight of testis, epididymis, prostate, and seminal vesicle may correlate with the ability of caffeine to cause lipolysis as explained above. In addition, the decrease may be due to caffeine-induced increase in diuresis hindering reabsorption of salts and water [34] , inhibition of phosphodiesterases in the proximal tubule resulting in diuretic and natriuteric effects [34] , or atrophic changes due to overuse of these organs as a result of increased metabolism [35] . The increase in weight of liver could be due to the ability of caffeine to induce compensatory liver hypertrophy as an adaptive mechanism by liver cells to accommodate increased functional load [36] . The adaptive mechanisms usually lead to hyperplasia of organelles particularly endoplasmic reticulum, nucleus, and peroxisomes [37] . The subsequent decrease in liver weight observed during the recovery phase may be suggestive of the rat's recovery from caffeine's effect.
Effects on sperm characteristics
Although sperm progressive motility was not increased in this animal study, human studies by Marshbun et al. [10] and Adelusi et al. [14] have earlier reported that caffeine consumption was associated with increased sperm motility. Caffeine's ability to increase motility may be as a result of its ability to inhibit phosphodiesterase that inactivates cyclic AMP to AMP. This line of argument has earlier been reported by Levin et al. [38] . The decrease in epididymal sperm count in this study may be attributed to the decrease in FSH level. FSH has been shown to be vital in the initiation of spermatogenesis as demonstrated when withdrawal of gonadotropins in adulthood abolished sperm production [39] . Reported studies in rats also indicated that FSH helps maintain germ cell viability [40] and sperm release [41, 42] and also induces the proliferation of spermatogonia [43] . Sperm viability and volume decreased in caffeine-treated and recovery groups when compared with the control group. However, there was gradual increase when recovery groups are compared with caffeine-treated group. The decrease in sperm viability and volume in this study may correlate with the decrease in percentage mean relative organ weight of the seminal vesicle, prostate, epididymis, and testis.
Caffeine exposure and serum hormone level
The increase in serum testosterone level in this study may be due to the inhibiting effect of caffeine on aromatase. Aromatase is expressed in the adult Leydig cells [44] and is the key enzyme that mediates the conversion of androgens to estrogens. Its inhibition, therefore, may prevent the conversion of testosterone to estrogen causing an increase in serum testosterone level. This is buttressed by other studies that associated coffee with low levels of estrogen [45] and high levels of testosterone and sex hormone binding globulin [16, 46] . The decrease in LH and FSH level in caffeine-treated groups in this study can be a result of negative feedback action of testosterone on the hypothalamo-pituitary unit. This has been clearly illustrated in a range of species where castration has led to increased secretion of the gonadotropins [47] . The negative feedback provided by the testosterone could potentially inhibit the synthesis and/or secretion of GnRH from the hypothalamus and/or the actions of GnRH to stimulate the synthesis and/or secretion of the gonadotropins at the level of the pituitary gonadotrope [48] , thereby causing a reduction in serum LH and FSH levels.
Fertility outcome and histology
Percentage fertility success for all groups in this study was 100%. This success may be due to enhanced sperm motility. Sperm motility is known to be key to successful fertilization [49] . Furthermore, the high level of testosterone as observed in this study can also contribute, as it has been associated with sexuality, stamina, and increased libido [50] . Histological sections of the testes in groups treated with 10 and 20 mg/kg BW caffeine showed mild congestion of the interstitial blood vessels and severe subcapsular congestion, respectively. These histological impairments might have arisen from hyperemia that is secondary to increased cell activity in response to caffeine, more so as caffeine ingestion has been associated with increased metabolism [35] . There were no visible histopathological changes in the Leydig and Sertoli cells.
In conclusion, caffeine administered for 4 weeks to adult male Wistar rats in this study appeared to cause reduction in semen characteristics, organ weight, and suppressed serum LH and FSH. These effects appeared reversed at recovery phase. The mechanisms by which caffeine induces these effects are still unclear. Further studies into these mechanisms are suggested particularly in humans considering the increased ingestion of caffeine through beverages, medication, and recently energy drinks.
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